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The exchange coupling between quantum mechanical spins lies at the origin of quantum magnetism. We
report on the observation of nearest-neighbor magnetic spin correlations emerging in the many-body state of a
thermalized Fermi gas in an optical lattice. The key to obtaining short-range magnetic order is a local redistri-
bution of entropy within the lattice structure. This is achieved in a tunable-geometry optical lattice, which also
enables the detection of the magnetic correlations. We load a low-temperature two-component Fermi gas with
repulsive interactions into either a dimerized or an anisotropic simple cubic lattice. For both systems the corre-
lations manifest as an excess number of singlets as compared to triplets consisting of two atoms with opposite
spins. For the anisotropic lattice, we determine the transverse spin correlator from the singlet-triplet imbalance
and observe antiferromagnetic correlations along one spatial axis. Our work paves the way for addressing open
problems in quantum magnetism using ultracold fermions in optical lattices as quantum simulators.
Quantum magnetism describes quantum many-body states
of spins coupled by exchange interactions and lies at the
heart of many fundamental phenomena in condensed mat-
ter physics1,2. While spin systems often tend to show
long-range order at low temperatures, the fascinating in-
terplay of exchange interactions with geometry and quan-
tum fluctuations can lead to quantum states characterized by
their short-range magnetic order. Examples include valence-
bond crystals, spin-liquids and possibly high-temperature
superconductors1–4. Quite remarkably, the underlying many-
body physics gives rise to computationally and theoretically
intractable regimes even in the phase diagrams of simple mod-
els, such as the Fermi-Hubbard model. Moreover, the direct
measurement of local spin correlations in solids remains a ma-
jor challenge.
The controlled setting of ultracold fermionic atoms in op-
tical lattices is regarded as a promising route to gain new in-
sights into phases driven by quantum magnetism5–7. This ap-
proach offers experimental access to a clean and highly flex-
ible Fermi-Hubbard model with a unique set of observables8.
For repulsively interacting fermions density ordering in the
metal-Mott insulator transition could already be explored
experimentally9,10. Yet, progress towards entering the regime
of quantum magnetism has been hindered by the ultra-low
temperatures, and entropies, required to observe exchange-
driven spin ordering in optical lattices. For bosonic quantum
gases promising developments have been reported: by map-
ping the spin to other degrees of freedom the temperature lim-
itation could be circumvented, which allowed the exploration
of one-dimensional decoupled Ising spin chains and the simu-
lation of classical magnetism on a triangular lattice11,12. Fur-
thermore, exchange interactions were observed in artificially
prepared arrays of isolated double-wells or plaquettes13,14.
To overcome these limitations and directly access
exchange-driven physics in thermalized systems, cooling
schemes based on the redistribution of entropy between differ-
ent regions of the trap have been suggested15,16. In this work,
we instead propose and implement a local entropy redistribu-
tion scheme within the lattice structure to reach the regime
of quantum magnetism. The atoms are either prepared in a
dimerized or an anisotropic simple cubic lattice, see Fig. 1. In
both geometries, a subset of links of the underlying simple cu-
bic lattice is set to a larger exchange energy as compared to the
other links. As a result, the entropy is predominantly stored
in configurations involving the weak links. For fixed total en-
tropy in the trapped system, this essentially allows us to reach
temperatures between the two exchange energy scales. In the
dimerized lattice the resulting correlations on the strong links
correspond to an excess population of the low energy singlet
as compared to the triplet state – in close resemblance to an
explicit valence-bond crystal in the Heisenberg model17. In
the anisotropic lattice the low temperatures lead to antiferro-
magnetic spin correlations along one spatial axis, the trans-
verse component of which is also detected via a singlet-triplet
imbalance. For both systems we study the dependence of the
spin correlations as a function of temperature and tunneling
balance and find good agreement with theory.
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FIG. 1. Magnetic spin correlations. Schematic view of the
nearest-neighbor spin correlations observed in the experiment. A
two-component mixture of fermionic atoms (red and blue) is pre-
pared close to half-filling in a cubic lattice with two different tunnel
coupling configurations. a, Dimerized lattice with the strong dimer
links td and weaker links t. Low temperatures lead to an excess
number of singlets over triplets. b, Anisotropic lattice with strong
and weak tunneling ts and t along different spatial axes. Antifer-
romagnetic spin correlations in the transverse direction are formed
along the strong link direction. In both figures exemplary thermal
excitations in the form of spin excitations or holes are shown.
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FIG. 2. Detection scheme. Summary of the technique used for measuring the atomic singlet and triplet fractions ps and pt0 . a, Schematic
view of the different detection steps for the exemplary case of two singlet states in a dimerized lattice. Depending on the oscillation time, the
absorption images on the right show either a large double occupancy in the lowest band corresponding to singlets (top row), or an increased
higher band fraction indicating triplet states (bottom row). b, The two possible merging configurations in a dimerized lattice. Singlets and
triplets are detected on a set of adjacent sites arranged on a chequerboard pattern in the plane. c, Exemplary singlet-triplet oscillation in a
strongly dimerized lattice with U/t = 11.0(8) and td/t = 22(2). We observe an oscillation in the double occupancy after merging, ηD, and
in the higher band fraction, ηHB, when merging along the strong links (blue data), whereas no oscillations are visible for the weak links (ochre
data). The phase of the oscillation is shifted owing to the double occupancy removal procedure19. The red dashed lines denote the extracted
singlet and triplet fraction ps and pt0 . Error bars show the standard deviation of at least five measurements.
The experiment is performed with a harmonically confined,
balanced two-component mixture of a quantum degenerate
Fermi gas of 40K. The atoms are prepared in two magnetic
sublevels mF = −9/2,−7/2 of the F = 9/2 hyperfine man-
ifold, denoted by ↑ and ↓, at temperatures below 10% of the
Fermi temperature. We load 50, 000 − 100, 000 repulsively
interacting atoms at an s-wave scattering length of 106(1) a0
into the three-dimensional optical lattice, where a0 denotes
the Bohr radius. The lattice is created by a combination of in-
terfering laser beams operating at 1064 nm with lattice depths
VX, VX, VY and VZ
18,19. We independently control the tun-
neling strengths along all three spatial axes. In addition we
can introduce a checkerboard dimerization in the xy plane by
strengthening every second tunneling link along the x axis,
see Fig. 1a. The checkerboard pattern replicates along the
z axis. Our system is well described by a three-dimensional
single-band Hubbard model with repulsive on-site interaction
energy U , unless explicitly stated. The tunneling along the
weak links in both lattice geometries is set to t/h = 67(3) Hz
for all measurements, where h denotes Planck’s constant.
As shown in Fig. 2a and b, the fraction of atoms forming
singlets and triplets on neighboring lattice sites (ps and pt0 )
is detected by transforming the lattice to a checkerboard ge-
ometry, similar to a previously developed technique20. In the
dimerized lattice our detection scheme locally projects onto
the two-site eigenstates of isolated dimers, whereas for the
anisotropic lattice the singlet state is directly projected onto
(|↑, ↓〉 − |↓, ↑〉)/√2 (Ref. 19). In the first detection step, the
atomic motion in the initial lattice is frozen by rapid con-
version to a simple cubic structure with negligible tunneling.
Next, all atoms on doubly occupied sites are removed. We
then apply a magnetic field gradient, which creates a differen-
tial bias energy ∆ for atoms of opposite spins on adjacent sites
and causes coherent oscillations between the singlet |s〉 =
(|↑, ↓〉− |↓, ↑〉)/√2 and the triplet |t0〉 = (|↑, ↓〉+ |↓, ↑〉)/
√
2
state at a frequency ν = ∆/h. If the initial amount of singlets
and triplets is equal, no overall oscillation will be visible, as
|s〉 and |t0〉 oscillate in antiphase.
After a certain oscillation time, we remove the gradient and
merge two adjacent sites. Owing to the symmetry of the two-
3particle wavefunction, the singlet state on neighboring sites
evolves to a doubly occupied site with both atoms in the low-
est band, while the triplet state transforms into a state with
one atom in the lowest and one atom in the first excited band.
The fraction of atoms forming double occupancies in the low-
est band of the merged lattice,ηD, is detected by a radiofre-
quency transfer to the previously unpopulated mF = −5/2
spin state9. The fraction of atoms in the higher band ηHB is
obtained from a band mapping technique7. For the final read-
out we take absorption images after Stern-Gerlach separation
of the spin states during ballistic expansion. For an imbalance
between the initial singlet and triplet populations, ηD and ηHB
will show oscillations with opposite amplitudes. As the dou-
ble occupancy in the lowest band contains only contributions
from two particles with opposite spins, we can infer the frac-
tion of atoms forming singlets and triplets from the maxima
and minima of a sinusoidal fit to ηD. The higher band frac-
tion has an additional offset caused by dimers containing two
atoms with the same spin or one atom with an antisymmetric
spatial wavefunction.
When loading atoms into a strongly dimerized lattice and
merging along the strong links, we observe oscillations in ηD
and ηHB, see Fig. 2c. This reveals an excess number of sin-
glets, corresponding to magnetic order on neighboring sites.
We quantify this order by the normalized imbalance
I = ps − pt0
ps + pt0
. (1)
The order in the strongly dimerized lattice originates from
temperatures below the intra-dimer exchange energy Jd =
−U/2 + √16t2d + U2/2, which denotes the singlet-triplet
splitting on a single dimer. While such temperatures re-
quire very low entropies for isotropic lattices21, in our system
the access to the regime of magnetic ordering is facilitated
by the presence of the weaker inter-dimer exchange energy
J  Jd. This leads to an entropy redistribution from states
on the strong to the weak links and gives access to the tem-
perature regime J < kBT < Jd for experimentally attainable
entropies (here kB denotes the Boltzmann constant). As ex-
pected for strong dimerization, we find no visible oscillations
when merging along the weak links, which indicates the ab-
sence of magnetic correlations on these links, see Fig. 2c. The
observed constant values of ηD = 0.07(1) and ηHB = 0.63(3)
are consistent with a state where nearly all singlets are located
on neighboring dimer links, with vanishing correlations be-
tween them.
To analyze the effect of temperature on the magnetic corre-
lations, we measure the dependence of the singlet-triplet im-
balance on entropy, see Fig. 3a. The imbalance I and the ab-
solute singlet fraction ps reduce for larger entropies, as triplet
states become thermally populated. The singlet fraction is ad-
ditionally diminished by a shrinking half-filled region in the
trapped system22. We find good agreement with a second
order high-temperature series expansion of coupled dimers
when including an entropy increase of ∆s = 0.4 kB with re-
spect to the initial entropy in the harmonic trap, sin. This
heating is associated to the lattice loading23 and is larger for
the lowest entropies, consistent with previous results22. From
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FIG. 3. Dimerized simple cubic lattice. a, Singlet-triplet imbal-
ance on the strong dimer links vs. initial entropy before loading into
the lattice sin and temperature kBT/Jd in a dimerized lattice with
U/t = 11.0(8) and td/t = 22(2). The imbalance and the absolute
singlet fraction (inset) decrease with increasing entropy. Solid lines
are the prediction of a high-temperature series expansion taking into
account different amounts of added entropy ∆s during the lattice
loading. b, Imbalance versus dimerization td/t and Jd/J , showing
an increase for strongly dimerized simple cubic lattices. The solid
line is the theory prediction for an entropy per particle of 1.8 kB in
the lattice, which includes the heating during loading. Vertical error
bars denote the fit error from singlet-triplet oscillations consisting
of 63 measurements, the errors in td/t stem from lattice calibration
uncertainties and the errors in sin are the standard deviation of five
measurements. For individual curves of ps and pt0 for all measure-
ments see19.
the measured imbalances we infer temperatures below 0.4Jd.
For reduced dimerizations the coupling between dimers
leads to increased inter-dimer correlations. The excitation en-
ergy of triplets is then lowered as they delocalize over the lat-
tice, thus changing the nature of magnetic ordering. In Fig.
3b we use the tunable lattice to investigate the dependence of
the imbalance I on the tunneling ratio td/t. As the dimeriza-
tion is progressively removed the imbalance decreases in good
agreement with theory and eventually falls below our experi-
mental resolution. This decrease can be attributed to the inter-
4dimer exchange energy Jd becoming smaller than the temper-
ature T . For vanishing temperatures the system is expected
to undergo a quantum phase transition from a gapped spin-
liquid state to a long-range ordered antiferromagnet as td/t is
reduced below a critical value, where the spin gap becomes
zero2,24.
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FIG. 4. Nearest-neighbor antiferromagnetic order. a, Trans-
verse spin correlator versus tunneling ratio ts/t and lattice depth
VX in a three-dimensional anisotropic simple cubic lattice with
VY,Z = 11.0(3)ER. Positive values correspond to antiferromag-
netic ordering. The inset shows the normalized spin correlator S,
denoting the fraction of antiferromagnetic ordering at the relevant
density. Here U/t decreases from 16(1) to 10.5(8). Solid lines
are the prediction of a high-temperature series expansion for an en-
tropy per particle of 1.8 kB, as used in Fig. 3b, and are shown up to
ts/kBT = 1/2. b, Transverse spin correlator versus entropy before
loading into the lattice atU/t = 10.5(8) and ts/t = 7.3(6), together
with a schematic view of the spin ordering. Error bars as in Fig. 3.
The key to the observation of quantum magnetism in our
system is the presence of two different exchange energy
scales. Without dimerization, this situation also occurs for
anisotropic simple cubic lattices with tunneling t along two
axes and a stronger tunneling ts along the third direction. In
this case the symmetry between neighboring links is restored
and the detected singlet and triplet fractions are the same for
both merging configurations. We observe a clear population
difference (ps − pt0)/2 after loading a gas with entropies sin
below 1.0 kB into an anisotropic lattice, which increases to
4% for larger tunneling ratios ts/t, see Fig. 4a. The popu-
lation difference is equal to the transverse spin correlator be-
tween neighboring sites i and i+ 1 along the strong tunneling
direction
− 〈Sxi Sxi+1〉 − 〈Syi Syi+1〉 = (ps − pt0) /2. (2)
This quantity hence directly characterizes the fraction of
atoms with antiferromagnetic ordering on neighboring sites in
the entire atomic cloud. Our observations also extend to weak
lattices, where correction terms to the single-band Hubbard
model become relevant25. In this regime a variety of magnetic
phases have been predicted26,27.
The results can be compared to a second order high-
temperature series expansion19. We find good agreement in
the regime of small anisotropies. For larger anisotropies the
expansion breaks down, as the strong tunneling and the tem-
perature become comparable. In this regime we expect the
temperature to lie between the large and small exchange scales
J < kBT < Js. The system then behaves as an array of one-
dimensional spin-ordered chains without correlations between
them28, where the majority of the entropy is stored in con-
figurations involving the weak links. Low-dimensional sys-
tems have been predicted to show enhanced nearest-neighbour
correlations29.
For temperatures much larger than the strong exchange en-
ergy the magnetic correlations should disappear. In Fig. 4b
we study the dependence on the initial entropy sin and find
the correlations to vanish above 2.5 kB, where kBT  Js is
expected.
Owing to the presence of the harmonic trap, most spin cor-
related atoms are located in the center, where the filling is
close to one particle per site. The density-normalized frac-
tion of antiferromagnetic ordering is obtained when dividing
by the fraction of atoms with two particles of arbitrary spin
on adjacent sites. Under the assumption that all spin correla-
tors 〈Sx,y,zi Sx,y,zi+1 〉 are equal – which applies if all symmetry
breaking fields are much smaller than all other energy scales –
the normalized spin correlator S can be directly obtained from
the measurement of singlets and triplets (here nsi is one for a
single particle of any spin on site i and zero otherwise)
S = −4〈S
z
i S
z
i+1〉
〈nsinsi+1〉
=
ps − pt0
ps + 3pt0
. (3)
The normalized antiferromagnetic correlations along the
strong tunneling direction reach 25%, see inset Fig. 4a. This
corresponds to approximately 5, 000 ordered atoms.
In this work, we have demonstrated the observation of
short-range quantum magnetism of repulsively interacting ul-
tracold fermions in cubic lattices and investigated the depen-
dence on temperature, lattice dimerization and anisotropy.
Our approach is based on a local entropy redistribution
scheme within the lattice structure and can be generalized to
5access the low temperature regime in different geometries,
for example two-dimensional systems. The tunable geome-
try optical lattice allows the extension of our studies to spin-
ladder systems, dimerized one-dimensional chains and zig-
zag chains, where the interplay between quantum fluctuations
and magnetic ordering plays a particularly important role28,30.
At even lower temperatures, the existence of spin-liquids in
honeycomb or triangular lattices could be investigated31.
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6SUPPLEMENTARY MATERIALS
I. EXPERIMENTAL DETAILS
A. Preparation
After sympathetic cooling with 87Rb, 2 × 106 fermionic
40K atoms are transferred into an optical dipole trap operating
at a wavelength of 826 nm. A balanced incoherent spin mix-
ture of atoms in the Zeeman levels mF = −9/2 and −7/2 of
the F = 9/2 hyperfine manifold is then prepared and evapo-
ratively cooled9. When taking data as a function of entropy,
the gas is heated through inelastic losses by setting the mag-
netic bias field to a value close to the Feshbach resonance at
202.1 G. We measure the entropy per particle in the dipole
trap sin using Fermi fits to the momentum distribution of the
cloud after expansion. The field is finally increased to 221.4 G
resulting in a scattering length of 106(1) a0. The optical lat-
tice is subsequently turned on in 200 ms using a spline shaped
laser-intensity ramp.
B. Trapping potential
The red-detuned optical lattice is created by four retro-
reflected laser beams at λ = 1064 nm18. This gives rise to
a potential of the form
V (x, y, z) = −VX cos2(kx+ θ/2)− VX cos2(kx)
−VY cos2(ky)
−2α
√
VXVY cos(kx) cos(ky) cosϕ
−VZ cos2(kz), (S1)
where VX, VX, VY and VZ denote single-beam lattice depths
(as calibrated using Raman-Nath diffraction on a 87Rb Bose-
Einstein condensate), k = 2pi/λ and the measured visibility
of the interference pattern α is 0.90(5). The phase ϕ is sta-
bilized to 0.00(3)pi, whilst θ is set to 1.000(1)pi. Gravitation
points along the y direction.
The laser beams create an overall harmonic trapping po-
tential which scales with the lattice depths according to the
approximate expressions
ωx ∝
√
VY + 1.11VZ
ωy ∝
√
VX + 0.81(VXVY/VX) + 0.78VZ
ωz ∝
√
VX + 0.81(VXVY/VX) + 1.24VY. (S2)
For VX,X,Y,Z = [3.7(1), 0.13(1), 9.8(3), 11.0(3)]ER, as
in Fig. 3a, the lattice contributes trapping frequen-
cies of ωLatticex,y,z /2pi = [62.7(9), 57(1), 54.3(3)] Hz. Ad-
ditionally, the optical dipole trap creates a trapping of
ωDipolex,y,z /2pi = [30.7(2), 105.9(3), 34.6(2)] Hz, in all data sets
shown, except for Fig. 2c and 4a, where ωDipolex,y,z /2pi =
[28.1(2), 90.1(3), 31.6(2)] Hz.
C. Detection lattice ramp
For measurements in the dimerized lattice, the lattice is
ramped up in two steps. All beam intensities are linearly
increased over the course of 0.5 ms up to the point where
VY = 30(1)ER, VZ = 40(1)ER and all other intensities
in the xy plane are ramped such that the potential is not de-
formed. In a second linear ramp lasting 10 ms, the lattice
is changed to a simple cubic geometry where VX,X,Y,Z =
[25(1), 0, 30(1), 40(1)]ER.
This ramp can be considered sudden for the inter-dimer
links but adiabatic for the intra-dimer links. Our observable
hence locally projects onto the two-site eigenstates of individ-
ual dimers, which includes an admixture of double occupan-
cies. We use an exact calculation of a two-site Hubbard model
to estimate the adiabaticity of the ramp. The unnormalized
singlet ground state of this system is given by
4td
−U +√16t2d + U2 (|↑, ↓〉 − |↓, ↑〉) + (|↑↓, 0〉+ |0, ↑↓〉) .
(S3)
There is hence a significant contribution of double occupancy
in the regime where U ∼ td, as applies for the most strongly
dimerized lattices investigated in this paper, whilst the con-
tribution vanishes for the deep simple cubic lattice used for
detection where U/t ≈ 600. For the given ramp-times and
including site-offsets due to the harmonic trapping potential,
the probability of populating excited states on a dimer during
such a ramp remains below 0.1% for all values of U and td
explored in the dimerized systems.
In the anisotropic lattice, we directly ramp to VX,Y,Z =
[25(1), 30(1), 40(1)]ER in 0.5 ms (VX = 0ER throughout).
In contrast to the dimer lattice ramp, this process can be con-
sidered sudden for all links, as the duration of the ramp is
always well below the tunneling time in the initial lattice. Our
detection method then corresponds to locally projecting the
wavefunction of the system onto (|↑, ↓〉− |↓, ↑〉)/√2 on pairs
of sites when measuring ps, hence excluding any contributions
from double occupancies. The probability of this projection,
as calculated from the two-site Hubbard model, lies above
80% for all shown data and is higher for deeper lattices. For
both lattice geometries, the triplet state remains unaffected by
changes in U and t.
D. Singlet-triplet oscillations
For both systems, once the ramp to the deep simple cubic
lattice has been completed, double occupancies are removed
via spin-changing collisions, which occur after transferring
atoms from the mF = −7/2 to the mF = −3/2 state32.
We verify that this procedure removes all double occupan-
cies but leaves singly occupied sites unaffected by measur-
ing the number of double occupancies and the total number
of atoms before and after applying the removal sequence. A
magnetic field gradient causing spin-dependent energy offsets
7of ∆−9/2,−7/2/h = [1291(1), 1156(1)] Hz between neigh-
boring sites is then applied, giving rise to coherent oscillations
between singlets and triplets20. Subsequently, pairs of adja-
cent lattice sites are adiabatically merged into one by linearly
reducing VX to zero whilst increasing VX to 25(1)ER. The
double occupancy in the merged lattice is then measured as9,
but taking into account an independently calibrated detection
efficiency of 89(2)%. We verify that merged sites contain-
ing two atoms of opposite spin but in different bands are not
detected as double occupancies by artificially creating a state
containing large amounts of triplets but no singlets and mea-
suring ηD.
We apply a sinusoidal fit to the double occupancy where
the frequency and phase are fixed and take into account the
damping of the oscillations, which was calibrated indepen-
dently and is included by multiplying the amplitude by 1.16.
A phase shift arises owing to a weak residual magnetic field
gradient present during the double occupancy removal pro-
cedure, whereas the contribution from switching the singlet-
triplet oscillation gradient on and off is negligible. We confirm
that the maximum of the oscillation corresponds to its starting
point (and hence to the number of singlets) by merging the
lattice immediately after it has been ramped to a deep simple
cubic structure.
E. Theoretical model
For sufficiently deep lattices the system is well described
by a single band Fermi-Hubbard model, which is given by
Hˆ = −ti,j
∑
〈ij〉,σ
(cˆ†iσ cˆjσ + h.c.) + U
∑
i
nˆi↑nˆi↓ (S4)
for a homogeneous system, using standard notation.The in-
teraction energy U and nearest-neighbor tunneling ti,j are
evaluated from Wannier function integrals5. The dimerized
lattice theory curves are calculated from a perturbative cou-
pling of isolated dimer links with tunneling t. The result-
ing partition function expansion is then calculated up to sec-
ond order in t/kBT . While the dimer link contains 16 states
in total and the tunneling operator is non-diagonal between
neighboring dimers, the evaluation of the relevant matrix el-
ements is directly analogous to the case of single sites33.
The harmonic trap is included in a local density approxima-
tion, which leads to a quadratically varying chemical poten-
tial. All thermodynamic quantities are obtained after integra-
tion over the entire trap using independent calibrations of the
atom number, trap frequencies and lattice depths23. In the
limit of very strong dimerization, theory predicts pt0/ps ∝
exp(−Jd/kBT ), which can be used for lattice thermometry.
For the anisotropic lattice we evaluate the correlators
〈Szi Szi+1〉 and S in a second order series expansion of coupled
single sites34. The thermodynamic observables are obtained
in a similar way as previously described23, using the average
tunneling
√
(t2s + 2t
2)/3. Eq. (2) in the main text is computed
by evaluating the matrix elements of the spin operators.
II. DIMERIZED CUBIC LATTICE - SERIES EXPANSION
We start with the definition of the homogeneous single-
band Hubbard Hamiltonian in a dimerized cubic lattice with
strong and weak links between nearest neighbors 〈i, j〉 and
〈i, j〉 respectively, see Fig. S1,
HˆD = Hˆo + Hˆc
Hˆo = −td
∑
σ,〈i,j〉
(cˆ†i,σ cˆj,σ + h.c.)
+U
∑
i
nˆi↑nˆi↓ − µ
∑
i
(nˆi↑ + nˆi↓) (S5)
Hˆc = −t
∑
σ,〈i,j〉
(cˆ†i,σ cˆj,σ + h.c.).
We have split the Hamiltonian into the dimer part Hˆo and
the coupling between dimers Hˆc. The on-site interaction en-
ergy is given by U , the tunneling matrix elements between
nearest neighbors by t and td and the chemical potential is
parametrized with µ. The fermionic creation operator for an
atom on the lattice site i is given by cˆ†iσ , where σ ∈ {↑, ↓}
denotes the magnetic sublevel and h.c. is the Hermitian con-
jugate. The particle number operator is nˆi = nˆi↑+ nˆi↓, nˆiσ =
cˆ†iσ cˆiσ . Denoting the inverse temperature with β = 1/kBT ,
the thermal average of an observableO then reads in the grand
canonical potential
a b
Dimerized cubic lattice Anisotropic cubic lattice
t
t
t
t t
td ts ts
x
y
z
FIG. S1. Lattice geometries. Overview of the three-dimensional
lattice geometries explored in the experiment. a, In the dimerized
cubic lattice the tunneling between neighboring sites is increased to
td on a checkerboard pattern in the xy plane as compared to the
weaker tunneling t. The pattern replicates along the z axis. b, In the
anisotropic cubic lattice the tunneling is increased to ts along the x
axis, while remaining t in the other two directions.
〈O〉 = Tr{Oe
−βHˆD}
Tr{e−βHˆD} . (S6)
We now treat the coupling Hamiltonian Hˆc = tTˆ as a pertur-
bation, which leads to an expansion of the above expression
in powers of the dimensionless parameter βt33. The expan-
sion is expected to be close to the exact result in the regime
t  kBT  td, U . For the partition function up to second
order (denominator in Eq. S6) we find
Z = Z0 + (βt)2Z0
β2
∫ β
0
∫ τ1
0
dτ2dτ1〈Tˆ ′(τ1)Tˆ ′(τ2)〉0. (S7)
8The expression for the numerator is analogous. The partition
function of the unperturbed Hamiltonian is denoted by Z0,
whereas 〈...〉0 denotes the thermal average of the unperturbed
Hamiltonian
〈Tˆ ′(τ1)Tˆ ′(τ2)〉0 = Tr{exp(−βHˆo)Tˆ ′(τ1)Tˆ ′(τ2)}/Z0
Tˆ ′(τ) = eτHˆo Tˆ e−τHˆo . (S8)
III. DIMERIZED CUBIC LATTICE - OBSERVABLES
As the expansion is up to second order in the tunnel cou-
pling, it is sufficient to evaluate all expressions in a two-dimer
basis. Denoting the single dimer Hamiltonian in the grand
canonical potential with Hˆso, the unperturbed partition func-
tion then reads
Z0 =
(
Tr{e−βHˆso}
)2
. (S9)
The evaluation of the second order terms is done in a double
dimer basis |Ψ1i ,Ψ2j 〉, where |Ψ1i 〉 and |Ψ2j 〉 each denote one
of the 16 possible eigenvectors of the first and second dimer
link. This essentially leaves the evaluation of matrix elements
of the following kind
〈Ψ2j ,Ψ1i |Tˆ ′(τ1)Tˆ ′(τ2)|Ψ1i ,Ψ2j 〉 and
〈Ψ2j ,Ψ1i |OTˆ ′(τ1)Tˆ ′(τ2)|Ψ1i ,Ψ2j 〉, (S10)
which can be computed either directly or numerically. For the
singlet and triplet fraction the observable O takes the form of
a projector for the 16 possible states on a dimer. The entropy
and particle number per dimer are evaluated from the grand
canonical potential Ωd = −kBT logZd of a single dimer.
Fig. S2 shows the dimer singlet probability and the entropy
per site versus filling calculated in second order for different
temperatures and dimerizations. A comparison between the
predictions of lowest order (atomic limit) and second order is
shown in Fig. S3.
IV. ANISOTROPIC CUBIC LATTICE
Similar to the case of the dimerized lattice, we split the
Hamiltonian for the homogeneous anisotropic cubic lattice
into two parts
HˆA = HˆU + Hˆt
HˆU = U
∑
i
nˆi↑nˆi↓ − µ
∑
i
(nˆi↑ + nˆi↓) (S11)
Hˆt = −ts
∑
σ,〈i,j〉
(cˆ†i,σ cˆj,σ + h.c.)− t
∑
σ,〈i,j〉
(cˆ†i,σ cˆj,σ + h.c.).
Notations are analogous to the previous section, see Fig. S1.
The strong tunneling between nearest neighbors along the x
direction is denoted with ts, whereas the weaker tunneling
along the other two axes is given by t. We treat the tunnel-
ing Hamiltonian Hˆt as a perturbation to the unperturbed part
HˆU , which leads to an expansion of the partition function as in
Eq. S7 in powers of βts and βt. Density and entropy per site
are then obtained from derivatives of the second order grand
potential Ω,
βΩ = −logZ1−2(βts)
2 + 4(βt)2
(Z1)2
(
ζ + ζ3w + 2ζ2
1− w
βU
)
.
(S12)
Here Z1 is the unperturbed single site partition function, ζ =
exp(βµ) the fugacity and w = exp(−βU).
The evaluation of the two correlators defined in the main
text 〈Szi Szi+1〉 and S is slightly more complicated, as it in-
volves two neighboring sites. However, the coefficients for
these correlators have already been computed34.
〈Szi Szi+1〉 = −
ζ2
(Zs0)2
(
1
βU
+
w − 1
(βU)2
)
(βts)
2 (S13)
S =
(
1
βU
+
w − 1
(βU)2
)
(βts)
2. (S14)
V. HARMONIC TRAP
The effect of the harmonic trap is included in a local density
approximation with a quadratically varying chemical potential
µ(r) = µ0 − 1
2
mω2(
λ
2
)2r2, (S15)
where ω is the geometric mean of the trapping frequencies,
µ0 the chemical potential in the center of the trap and r the
normalized distance of a site to the trap center. Any trap av-
eraged observable Otrap is then obtained from integration of
the contributions per site Ohom(µ)
Otrap =
∫ ∞
0
4pir2Ohom(µ(r))dr. (S16)
Owing to the harmonic trap, the energy offset between neigh-
boring sites on the dimer links changes over the cloud size.
The relative correction of this effect to all shown quantities
was computed to be less than a few percent.
VI. SINGLET AND TRIPLET FRACTIONS
The fraction of atoms forming singlets and triplets ps and
pt0 are obtained from an integration over the left sites of each
merged pair, which are part of the set A (see Fig. 2b),
ps = 2
∑
i∈A
〈
Pˆ si
〉
/N Pˆ si = |Ψsi〉 〈Ψsi |
pt0 = 2
∑
i∈A
〈
Pˆ t0i
〉
/N Pˆ t0i =
∣∣Ψt0i 〉 〈Ψt0i ∣∣ . (S17)
Here Pˆ si and Pˆ
t0
i are the projection operators on the singlet
and triplet states |Ψsi〉 and
∣∣Ψt0i 〉 on neighboring sites i and
i + 1, 〈...〉 denotes the thermal average and N the total atom
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FIG. S2. Dimerized lattice. High-temperature series predictions up to second order for the homogeneous dimerized cubic lattice. The
dependence on filling of the dimer singlet probability and of the entropy per site is shown. We set U/t = 5 and td/t = 10 or 2 and use
different temperatures kBT/t. The entropy at half filling for large dimerization is strongly reduced.
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FIG. S3. Higher order contributions. Comparison of the high-temperature series predictions in lowest and second order (dashed and solid
line) for the dimer singlet probability and for the entropy per site in a homogeneous dimerized cubic lattice. The filling is set to one particle
per site and the interaction to U/t = 5. The second order contributions are expected to be larger for lower temperatures and lead to a reduction
of the singlet probability.
number. For the measurements in the anisotropic simple cubic
lattice, the projection operators are related to the spin opera-
tors ~Si = 1/2
∑
s,s′ cˆ
†
i,s~σci,s′ , where ~σ = (σx, σy, σz) are the
Pauli matrices
Pˆ si =
nˆinˆi+1
4
− ~Si~Si+1
Pˆ t0i =
~Si~Si+1 − 2Szi Szi+1 +
nˆinˆi+1
4
. (S18)
From this the equality of Eq. (2) in the main text is immedi-
ately obtained. In the dimerized lattice the projection operator
on the triplet reads the same, whereas for the singlet the two-
site system needs to be diagonalized.
Fig. S4 shows the individual atomic fractions of singlets
and triplets (ps and pt0 ) measured in the dimerized lattice,
which are used to compute the normalized imbalance I. The
data in Fig. S4a corresponds to the entropy scan of Fig. 3a
in the main text, whilst the set of measurements for differ-
ent tunneling ratios in Fig. S4b corresponds to Fig. 3b. We
additionally measured the fraction of atoms on doubly occu-
pied sites Ddimer in the lattice after freezing out the atomic
motion but before applying the cleaning procedure and induc-
ing singlet-triplet oscillations. Note that for the dimer lattice,
this fraction does not contain any contributions from the ad-
mixture of double occupancies present in the initial singlet
state. For the entropy scan we find a nearly constant value of
Ddimer = 0.026(5). For the measurements taken at differ-
ent td/t the double occupancy ranges between 0.066(4) and
0.29(2).
Fig. S5 shows ps and pt0 for the measurements in the
anisotropic cubic lattice, which are used to compute the spin
correlators −〈Sxi Sxi+1〉 − 〈Syi Syi+1〉 and S. Fig. S5a cor-
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FIG. S4. Dimerized simple cubic lattice. a, Singlet and triplet fractions on the strong dimer links vs. initial entropy before loading into the
lattice. The data shown here is used to compute the normalized imbalance I displayed in Fig. 3a. b, Singlet and triplet fractions as a function
of dimerization td/t, corresponding to the measurements of Fig. 3b. Vertical error bars denote the fit error from singlet-triplet oscillations
consisting of 63 measurements, the errors in td/t stem from lattice calibration uncertainties and the errors in sin are the standard deviation of
five measurements.
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FIG. S5. Anisotropic simple cubic lattice. a, Singlet and triplet fractions as a function of initial entropy before loading into the lattice,
corresponding to the measurements of Fig. 4b. b, Singlet and triplet fractions vs. tunneling anisotropy ts/t, which are used to compute the
spin correlators presented in Fig. 4a. Vertical error bars denote the fit error from singlet-triplet oscillations consisting of 63 measurements, the
errors in ts/t stem from lattice calibration uncertainties and the errors in sin are the standard deviation of five measurements.
responds to the measurements versus entropy displayed in
Fig. 4b, whilst the scan of the tunneling anisotropy shown in
Fig. S5b corresponds to the data presented in Fig. 4a. Here,
we also measured the double occupancy immediately after
freezing out the atomic motion Danisotropic, which now cor-
responds to a direct projection onto doubly occupied sites.
For the entropy scan Danisotropic lies between 0.11(6) and
0.21(1), whilst for the scan of ts/t we measure double oc-
cupancies between 0.14(2) and 0.19(2).
